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I.  INTRODUCTION 


Chalcogenide  glasses  are  glasses  based  on  sulfur,  selenium 
and  tellurium.  They  have  been  utilized  in  far  infrared  optical 
applications  because  of  their  good  spectral  transparency  in  far 
infrared  wavelength  region.  The  sulfide  glasses  transmit  from 
0 . 6/jm  to  11.5>Jm,  selenide  glasses  from  1.0pm  to  15.0pm  and 
telluride  glasses  from  2.0pm  to  20.0pm,  while  oxide  and  fluoride 
glasses  become  opaque  around  6pm  and  9pm  respectively.  The 
chalcogenide  glasses  are  more  resistant  to  moisture  as  compared 
to  other  far  infrared  materials  such  as  alkali  halides.  In 
addition,  they  are  good  glass  formers  and  large  glass-forming 
regions  are  found  among  many  chalcogenide  compositions.  A 
majority  of  the  literature  on  chalcogenide  glasses  is  concerned 
with  bulk  properties,  and  data  on  chalcogenide  films  are  scarce. 

The  optical  thickness,  which  is  a  multiplication  of  the 
refractive  index  and  the  film  thickness,  is  the  most  important 
parameter  in  designing  a  spectral  interference  filter.  This 
quantity  should  be  stable  against  all  environmental  effects. 
Changes  in  optical  thickness  may  be  divided  into  two  categories; 
a  reversible  change  and  an  irreversible  change.  The  reversible 
change  is  due  to  temperature  coefficient  of  refractive  index  and 
thermal  expansion  of  the  film.  The  irreversible  change  is  due  to 
stabilization  effects  such  as  chemical  bonding  change, 
densif ication  and  stress  annealing  effects.  The  irreversible 
change  in  films  has  been  discussed  elsewhere  [Ref.l],  In  this 
report,  we  will  discuss  the  reversible  change  in  optical 
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thickness . 


II.  EXPERIMENTAL  PROCEDURE 

1 .  Film  Synthesis 

The  glass  films  were  synthesized  from  bulk  compositions  by  a 
vapor  deposition  process.  Chalcogenide  compositions  were  chosen 
from  the  glass-forming  region  of  As-Ge-S  ternary  system  as  shown 
in  Figure  1  [Ref. 2].  Five  compositions  reported  in  this  study 
are  indicated  as  (♦) .  The  starting  materials  were  arsenic 
trisulfide  (Servofrax® glass ) ,  germanium  (lump,  99.99  %  pure)  and 
sulfur  (lump,  99.95  %  pure).  30-gram  batches  of  the  starting 
mixtures  were  placed  in  fused  silica  ampoules  and  sealed  under 
vacuum  of  around  lO'^torr.  The  mixtures  were  heated  at  300°C  to 
M50®C  for  24  to  200  hours  until  all  free  sulfur  was  reacted.  The 
complete  reaction  and  homogenization  were  then  performed  in  a 
rocking  furnace  at  450®C  to  850®C,  which  are  above  the  liquidus 
temperature  of  the  corresponding  crystalline  compositions.  The 
melts  at  these  temperatures  were  very  fluid.  The  homogenized 
melts  were  subsequently  quenched  in  water  to  form  the  bulk 
glasses . 

The  bulk  glasses  were  crushed  and  evaporated  from  a 

resistance  heated  tungsten  boat  onto  two  types  of  substrate  held 

near  room  temperature,  in  a  vacuum  of  lO'^torr.  The  films  for 

spectrophotometr ic  measurements  were  deposited  on  cleaned 

(R> 

Servofrax^ glass  substrates  placed  30  cm  above  the  boat.  The 
•  Figures  and  Tables  are  located  at  the  end  of  report. 
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free  standing  films  for  other  characterizations  were  prepared 

simultaneously  by  depositing  films  on  microscope  slides  which 

were  pre-coated  with  sodium  chloride  films.  The  films  were 

removed  by  dissolving  the  salt  in  water  and  then  drying  in  a 

vacuum  chamber  for  several  days.  The  film  thicknesses  and 

deposition  rates  were  measured  with  a  quartz  crystal  monitor 

(Veeco  Instruments  Model  QM-300/RI-1 00 ) ,  during  depositions.  All 

o 

films  were  deposited  at  rates  between  30  and  50  A/sec.  The  boat 

temperature  was  measured  by  a  Pt/Pt-10$Rh  thermocouple  spot 

0 

welded  to  the  boat,  and  was  constant  to  within  10  C  throughout  a 
deposition . 

2.  Film  Characterization 

The  chemical  compositions  of  deposited  films  were  analyzed  by 
the  Schoninger  sulfur  combustion  method  and  by  atomic  absorption 
spectroscopy.  The  experimental  accuracy  was  0.3  percent  and  5 
percent  in  the  Schoninger  method  and  in  atomic  absorption, 
respectively.  Although  these  techniques  worked  well  with  the 
binary  compositions,  they  left  uncertainty  in  the  arsenic  to 
germanium  ratio  of  the  ternary  compositions.  Several  films  were 
cross  sectioned  and  examined  with  a  scanning  electron  microscope 
and  an  electron  microprobe  to  detect  any  compositional  variation 
or  inhomogeneity  that  might  exist  through  the  thickness  of  the 
film.  X-ray  or  electron  diffraction  and  transmission  electron 
microscope  were  used  to  determine  the  morphology  of  the  films. 
Thicknesses  of  the  films  were  measured  on  a  mechanical  stylus 
instrument  (Sloan  Technology  Corp.  Dektak  IIA)  for  comparison 
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with  thicknesses  calculated  from  the  optical  interference  fringe 
patterns  measured  by  the  spectrophotometer.  The  stylus  weight 
was  set  at  the  lowest  possible  value  ('^lO  mg)  which  did  not 
cause  noise  in  the  data,  so  that  the  sharp  point  would  not  score 
the  soft  film  surfaces.  Reproducibility  of  measurements  was 
within  0.2  percent  on  successive  measurements  at  the  same 
location  when  the  step  height  was  about  10  jjm.  However,  various 
factors  degraded  the  accuracy  of  reported  thickness  to  an 
estimated^S  percent. 

The  glass  transition  onset  temperatures  Tg  of  the  films  were 
determined  by  differential  scanning  calorimeter  ( Perkin-Elmer 
Model  DSC  II)  in  a  flowing  nitrogen  atmosphere  at  a  heating  rate 
of  10°K/minute.  The  DSC  samples  were  pieces  of  free  standing 
films  weighing  about  10  mg.  The  glass  transition  temperature 
may  be  regarded  as  the  upper  temperature  limit  of  a  particular 
composition’s  useful  working  range,  since  glassy  materials  soften 
above  this  temperature. 

3.  Spectrophotometer 

The  optical  thickness  and  the  refractive  index  of  a 
transparent  film  can  be  determined  from  its  optical  interference 
fringe  pattern  either  in  transmission  mode  or  in  reflection  mode 
[Ref. 3].  In  this  study,  the  optical  transmission  of  films  and 
their  substrates  was  measured  as  a  function  of  the  wavelength  at 
a  fixed  angle  of  incidence,  using  an  infrared  spectrophotometer 
(Perkin-Elmer  model  983)  with  a  in-situ  heating  sample  chamber 
[Ref. 4].  Servof rax^glass  plates  were  used  as  substrates  because 
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of  (1)  good  film  adhesion,  (2)  its  excellent  transparency  in  the 
wavelength  range  of  our  interest,  (3)  negligible  dispersion  and 


negligible  change  in  optical  absorption  with  temperature  to 
simplify  the  calculations  as  much  as  possible.  A  Servofrax^ 
glass  with  no  film  coating  was  placed  in  the  reference  beam  to 
compensate  for  the  absorption  due  to  water  in  the  substrate 
material,  so  that  the  fringe  patterns  do  not  have  to  be  corrected 
for  this  absorption  effect.  All  film  specimens  ,  which  had  been 
annealed  and  stabilized  prior  to  this  study  [Ref.1],  were  heated 
to  50*^0,  75^C,  100°C,  125°C,  150°C  (and  175°C  in  one  case)  in 
nitrogen  atmosphere  and  their  optical  interference  fringes  were 
recorded  at  each  temperature. 


Figure  2  shows  the  cross  section  of  a  film  specimen,  n^ ,  n^ 


and  n^  represent  refractive  indices  of  the  film,  substrate,  and 


nitrogen  atmosphere,  respectively.  The  physical  thickness  of  a 
film  t^  is  smaller  than  the  coherence  length  of  the 
spectrophotometer's  probing  radiation,  while  the  thickness  of  a 


substrate  t^  is  sufficiently  large  so  that  the  light  transversing 


it  loses  phase  coherence  and  may  be  treated  in  the  limit  of 


geometrical  optics.  Transmittance  (transmitted  energy)  T^  at  the 


front  side  of  the  specimen,  taking  the  multiple  reflection  within 


the  film  into  account,  can  be  expressed  as; 


8n 

of  s 


^  (n  2  +n,2)  (n  2  +n  2)+4n  +(n  2  -np2)  2  _n  2) cos 

oris  otsoi  IS  X 


s  otso  t  I  s 
Transmittance  T2  at  the  exit  side  of  the  specimen  can  be 

expressed  as; 


4n  n 

h  =  — 

(n  +n  )2 

o  s 


The  resultant  transmittance  through  the  specimen,  considering  the 
multiple  reflection  inside  the  substrate  [Ref.  5],  can  be  written 


I'l  •■'2 

Tj  +  T2  -  TjTj 


8n  n^  n 

"f"  -n/)cosi!I:^ 

A 


The  resultant  transmittance  in  the  reference  side  is; 

2n  n 

T  =  Q  s 

^  (2! 
o  s 

As  we  can  see  from  the  equation  (1),  Ts  is  a  periodic 
function  of  wave  number  1/^  ,  where  is  a  wavelength,  with  a 
period  =  l/n^t^.  A  fringe  pattern,  or  a  plot  of  m  versus  1/^ 

as  shown  in  Figure  3)  is  obtained  as  an  output  of  the 
spectrophotometer.  The  measured  transmission  values  (T)  appear 
as  T  =  (Ts/Tr)»F.  Maxima  and  minima  in  transmission  occur  as; 


2n  n 

r;,  =  _ P-  s  p. 

T  2  2  '  ^ 

n  +  n 
o  s 


(3)  when 


4n^n^  n 

+n^^)  (n^^  +0^^)  ^  ^  /VrtH-1/2 


where  F  and  F'  are  instrumental  correction  factors 


Using  equations  3  through  6,  two  informations  can  be 
extracted  from  one  interference  fringe  pattern;  the  optical 


thickness  of  the  film  (n^tf)  from  equations  4  and  6,  and  the 
refractive  index  of  the  film  (n^)  from  equations  3  and  5.  The 
optical  thickness  can  be  determined  from  the  slope  of  m  versus  1/ 
plot,  using  the  linear  regression  analysis.  A  typical 
correlation  factor  for  the  straight  line  was  around  99.998, 
indicating  an  excellent  fit  between  theory  and  the  experimental 
data.  The  value  of  ra  when  ^ / X.  -  0  (X-axis  intercept)  reveals 
the  relative  magnitude  of  indices,  nf<ng  or  n£>ng. 

Determination  of  n^  from  equations  3  and  5  is  less  straight 
forward  and  more  subjective  to  instrumental  errors.  This  problem 
was  solved  by  an  innovative  use  of  a  correction  factor  F',  taken 
as  a  ratio  of  measured  transmission  and  expected  transmission. 

The  expected  transmission  was  calculated  from  equation  3  with  an 
assumption  that  the  refractive  index  of  Servofrax  substrate  was 
that  as  reported  by  Malitson,  et  al  [Ref. 6],  in  the  form  of  a  set 
of  coefficients  for  Sellmeier’s  dispersion  equation.  The 
correction  factors  were  calculated  at  m  and  ra+1  ,  and  their 
average  value  was  applied  at  ra+1/2  to  equation  5.  n^  was 
calculated  from  equation  5  based  on  this  corrected  T  value  and 
known  n^.  This  process  was  repeated  for  all  m's  through  the 
entire  spectrum,  and  the  average  of  all  n^ ’ s  was  taken  as  the 
film  refractive  index.  The  physical  thickness  of  the  film  was 


calculated  from; 
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III.  RESULT  AND  DISCUSSION 


All  as-deposited  films  were  found  to  be  amorphous  and 
featureless  in  electron  microscope,  x-ray  and  electron 
diffraction.  Electron  microprobe  and  electron  microscope 
revealed  that  films  used  in  this  experiment  were  free  from 
inhomogeneity  and  compositional  variation  across  the  thickness  of 
the  film.  Results  of  chemical  compositional  analysis,  glass 
transition  temperatures  (Tg),  refractive  indices,  film 
thicknesses  determined  from  optical  fringes,  and  film  thicknesses 
measured  by  the  mechanical  stylus  are  listed  on  Table  1 .  The 
vapor  deposited  films  were  found  to  be  sulfur  deficient  by  a  few 
percent  as  compared  to  their  corresponding  bulk  compositions. 

This  sulfur  deficiency  was  more  severe  in  the  compositions  higher 
in  sulfur.  A  separate  study  [Ref. 7]  revealed,  for  AS2S2  films, 
that  the  sulfur  deficiency  increases  with  increasing  deposition 
rate.  This  may  be  caused  from  the  free  sulfur  dissociation 
during  deposition  process  [Ref. 8, 9,  and  10].  The  physical 
thicknesses  calculated  from  the  optical  interference  fringes 
agreed  within  5  percent  with  the  stylus  thickness  measurements 
performed  at  room  temperature. 

Figure  4  through  figure  8  show  the  normalized  optical 
thicknesses,  refractive  indices,  and  normalized  physical 
thicknesses  as  a  function  of  temperature.  All  normalizations 
were  executed  with  respect  to  the  corresponding  room  temperature 
values.  The  calculated  slope  are  also  shown  on  these  figures. 

The  normalized  physical  thickness  is  the  thermal  expansion 
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coefficient  (QO  . 

The  behavior  of  the  optical  constants  above  Tg  can  be  seen 
clearly  in  Figures  5  and  6.  The  significant  change  in  these 
properties  at  their  corresponding  Tg  may  be  explained  by 
considering  the  specific  volume  as  a  function  of  temperature  for 
glassy  materials  as  shown  in  Figure  9  [Ref. 11].  As  a  glassy 
material  is  heated  beyond  its  Tg,  the  specific  volume  increases 
more  rapidly  with  temperature.  Therefore,  thermal  expansion 
coefficient  increases  above  Tg.  This,  in  turn,  affects  dn/dT  in 
the  opposite  direction  according  to  the  Lorentz-Lorenz  equation 
[Ref. 12].  The  combined  effects  in  this  case  gives  rise  to  a 
sharp  increase  in  optical  thickness,  because  the  increase  in 
thermal  expansion  was  more  rapid  as  compared  to  the  decrease  in 
dn/dT.  Data  points  above  Tg  are  indicated  by  open  squares  (□), 
and  they  were  excluded  from  the  calculations  for  the  slopes, 
because  these  data  points  do  not  represent  the  reversible  effect. 

Improbably  large  dn/dT  and  (X  values  obtained  for  the 
composition  are  most  likely  caused  by  a  temperature  dependent 
optical  absorption  effect  which  was  not  incorporated  in  the 
equations  4  and  6  used  in  this  study.  Including  the  optical 
absorption  terra  in  equations  4  and  6  will  be  achieved  in  future. 

The  slope  of  the  normalized  optical  thickness  is  l/^t  " 
and  the  results  from  this  experiment  are  shown  in  Figure  10,  as 
(■),  along  with  the  literature  values  for  other  optical  materials 
[Ref. 12  and  13].  Our  experimental  values  for  the  AS2S3  film  fit 
in  the  same  range  as  the  bulk  data  reported  in  Ref.  13  ^01-  25 x  10“^ 
/^C  and  dn/dT  =  -8.6  Xio  ^/®C).  Literature  values  for  other 


compositions  in  our  study,  either  for  bulk  or  for  film,  have  not 
been  found.  Of  the  compositions  studied,  AS2S3  had  the  greatest 
thermal  stability  in  optical  properties  up  to  150®C.  The 
addition  of  sulfur  or  germanium  to  decreased  the  thermal 

stability. 


IV.  SUMMARY 

(1)  We  have  developed  the  methodology  to  evaluate  the  thermal 
stability  of  vapor  deposited  glassy  chalcogenide  films  for 
spectral  interference  filter  applications. 

(2)  Of  the  compositions  studied,  AS2S2  had  the  greatest  thermal 
stability  up  to  150°C.  The  addition  of  sulfur  or  gerrainium  to 
AS2S3  decreased  the  thermal  stability. 

(3)  A  formal  transmittance  equation  which  incorporates  the 
optical  absorption  effect  should  be  developed  and  used  in  future 
to  obtain  more  accurate  values  of  dn/dT  and  0^  for  absorbing 
films . 
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FIGURE  4 .  Calculated  Properties  of  k32^2 
as  a  Function  of  Temperature 
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FIGURE  10.  Temperature  Coefficient  of  Optical  Thickness 
for  Infrared  Transmitting  Materials 


